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A systematic study of the influence of the ionospheric conductance .on the field-aligned .cur:ent 
associated with a distorted two-cell convection pattern during northward mterplanetary ~agnetl~ field 
(IMF) has been conducted. Our modeling results indicate that the ~~Z cu~t. can be a~soclated With the 
distorted two-cell convection for most of the ionospheric conductiVity c~n~ltlons .. It ~s . shown, that the 
conductivity conditions related to the seasonal vari~tion ~d the .aurora activity can slgni~kantly mfluen~e 
the basic features of the field-aligned current aSSOCiated With a dlstorte.d two-cell conv~llon. pattern. It IS 
found that the increase of the field-aligned current in the polar cap dunng ili.e s~er IS mainly, due to the 
increasing contribution from the Pedersen current, and the increase of ~e fl~ld-a~gned current ~ both ~e 
oval region and the evening-midnight sector during the active aurora pen~ IS mainly due to the mcreasmg 
contribution from the Hall current. It is also found that the conductiVity ch~ge relat~d to the solar 
variation has its impact mainly on the intensity of a field-alig,ned ~rrent system lDstead of Its pattem. On 
the basis of the modeling results it is suggested that the field-aligned current s~stem observed by the 
Magsat satellite (Iijiqla and Shibaji, 1987) might imply a distorted two-cell co~vectlon pattern, and a four-
cell convection pattern is most likely to occur when the direction of the IMP IS due north or very close to 
the north. 
1. !N1RODUCIlON 
The high-latitude ionospheric convection is an essential 
element in many geophysical processes. The dependence of 
the ionospheric convection on the orientation of the 
interplanetary magnetic field (IMP), especially on the 
direction of the north-south component of the IMP, has been 
recognized for many years [Dungey , 1961; Russell, 1972]. 
Because of the strong correlation with auroral activity at high 
latitudes, most of the initial work was relevant to the cases in 
which the IMP had a southward component. However, with the 
continued observation of many unique dynamical features in 
the ionosphere the ionospheric convection and the related 
dynamics during the northward IMP have begun to draw more 
and more attention and interest. During periods of northward 
IMP, auroral arcs are observed in the polar cap [Lassen, 1972; 
Ismail and Meng, 1982; Murphree el al., 1982], and at times, 
arcs cross the whole polar cap in the day-night direction occur 
and form an auroral pattern called "theta aurora" [Frank et al., 
1982]. The features of the polar cap arcs have been studied by 
many authors both observationally [Gussenhoven, 1982; 
Hardy et al., 1982; Burke et al., 1982] and theoretically [Kan 
and Burke, 1985; Chiu, 1989]. The features of the ionospheric 
convection during northward IMF deviate greatly from those 
during southward IMP. Convection patterns in the form of 
distorted two-cell [Heppner and Maynard, 1987], four-cell [B~rke et al., 1979], and even three-cell [Polemra et al., 1984; 
Reiff and Burch, 1985] configurations have been proposed for 
the ionospheric convection during northward IMP. 
The Viewpoint favoring a four-cell ionospheric convection ~attern for northward IMP had prevailed for a long period. It 
ad been shown that reconnection between a northward IMP 
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and the open field lines poleward of the cusp region can 
produce sunward convection in the polar cap [Russell, 1972; 
Maezawa, 1976; Burch et al., 1985]. Adding the two cells 
inside the polar cap due to reconnection to the two cells 
outside the polar cap due to viscous interactions in the low-
latitude boundary layer yields a four-cell ionospheric 
convection pattern [Burke et al., 1979]. Observational 
support for the four-cell pattern is principally the sunward 
convection across the central polar cap observed by the S3-2 
and Magsat satellites [Burke et al., 1979; ]ijima et al., 1984] 
and by ground magnetometers [Maezawa, 1976]. However, 
since Heppner and Maynard [1987] published the distorted 
two-cell ionospheric convection patterns based on the DE 2 
electric field data, the issue of ionospheric convection during a 
northward IMP has become a controversial one. One of the 
advantages of the DE 2 satellite is that its orbits cover a much 
wider range of magnetic local time than either the ~3-2 or 
Magsat satellites. Therefore its data are .more sUited. to 
elucidating the flow patterns in the dayside regIOn and can give 
a more complete picture of the global convection pattern. The 
DE 2 electric field data indicated that strong east-west flows 
occur in the days ide region, which is in contrast with the 
features in four-cell convection patterns, and the observed 
convection pattern appeared to be better represented by a 
distorted two-cell pattern for a northward IMP [Heppner and 
Maynard, 1987]. 
When the IMF-dependent convection maps to the 
ionosphere, the associated field-aligned cu~r~nts can. ~ary 
significantly for various ionospheric conductIVity c?ndlho~s. 
A study of the field-aligned current distribution assOCiated wI~h 
a four-cell convection pattern for various ionosphenc 
conductivity conditions has been conducted by Rasm~ss~n ~nd 
Schunk [1987]. However, the field-aligned current distributIOn 
associated with a distorted two-cell convection pattern can be 
significantly different from that asso~iated with a fo~-cell 
pattern. While focusing on the functional representation of 
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the Heppner-Maynard convection model and its comparison 
with the Heelis el al. [1982] convection model, Rich and 
Maynard [1989] displayed a pair of field-aligned currents 
inferred from the Heppner-Maynard distorted two-cell 
convection pattern. However, a systematic study of the field-
aligned current distribution associated with the distorted two-
cell convection pattern for various ionospheric conductivity 
conditions (solar variation, auroral activity, and seasonal 
variation) has not been conducted to date. 
Another important issue concerns the NBZ current system. 
The NBZ current is a typical current system existing in the 
polar cap during northward IMP [/ijima el al., 1984; /ijima and 
Shibaji, 1987]. By using the field-aligned current distribution 
inferred from the Magsat satellite data [Iijima and Shibaji, 
1987], which had the NBZ current feature, and a conductivity 
model, Rasmussen and Schunk [1988] found that the resulting 
convection can be very similar to the distorted two-cell pattern 
deduced from the DE 2 satellite data [Heppner and Maynard, 
1987], but this interpretation was not unique owing to the lack 
of data on the dayside. On the other hand, by using the 
distorted two-cell convection pattern [Heppner and Maynard, 
1987] and a conductivity model [Hardy el al., 1987; Rich et 
al., 1987], Rich and Maynard [1989] claimed that in the 
resulting field-aligned current distribution there was no 
indication of a NBZ current. Whether or not the NBZ current is 
associated with the distorted two-cell convection pattern is an 
essential element in the controversial four-cell versus two-cell 
issue. 
The purpose of this work is to conduct a systematic study of 
the influence of the ionospheric conductance on the field-
aligned current distribution associated with the distorted two-
cell convection pattern during northward IMP, to provide a 
complete set of the characteristic ionospheric current system 
for different ionospheric conductivity conditions, to study the 
closure of the field-aligned current and the ionospheric Hall 
and Pedersen currents, and to elucidate how the variation of the 
ionospheric conductivity condition influences the current 
closure. The results shed some light on the controversial four-
cell versus two-cell issue. 
2. MATIIEMATICAL FORMULATION 
The large-scale ionospheric convection is driven by the 
magnetospheric convection that originates from the solar 
wind-magnetosphere interaction, which, in turn, is controlled 
by the interplanetary environment. The communication 
between these two convections occurs via a field-aligned 
current system. Whenever there is a significant change of the 
interplanetary environment, the whole coupled 
magnetosphere-ionosphere system undergoes an internal 
adjustment in an effort to achieve a new steady state. For 
instance, when the IMF turns southward, the enhanced 
magnetospheric convection caused by the enhanced dayside 
reconnection tends to accelerate the ionosphere and the 
ionosphere, in turn, acts as a load and decelerates the 
magnetosphere. Such a process is essentially a transient 
process. As long as the interplanetary environment remains 
stable for a long period, the whole M-I system, sooner or later, 
will approach a steady state, depending on the ionospheric 
load. In this work we assume the ionosphere has approached 
such a steady state and that there are no more time-dependent 
interactions between the magnetosphere and ionosphere. 
Specifically, we study the influence of the various ionospheric 
conductivity conditions on the ionospheric current system 
assuming a given steady state distorted two-cell convection 
pattern for northward IMP conditions [Heppner and MaylUlrd 
1987]. · 
2.1. Basic Equations 
The ionosphere is treated as a two-dimensional slab with an 
integrated conductivity. The relationship between the 
ionospheric electric field E and the ionospheric height. 
integrated current density i can be expressed by Ohm's law, 
i = (j·E (1) 
where 
(2) 
is a 2 x 2 tensor representing the anisotropic height-integrated 
conductivity in the ionosphere in which 9 denotes colatitude 
and fJ denotes longitude. The elements of the tensor are 
I.oo~~ 
2 
sin I 
(3) 
where / is the inclination angle of the geomagnetic field with 
respect to the horizontal ionosphere, T.H and T.p are the height· 
integrated Hall and Pedersen conductivities, respectively. 
Since we have assumed the whole physical process is in a 
steady state, the current continuity equation can be expressed 
as 
V·i = jllsinI 
where ju is the field-aligned current density and 
sin! 2cos9 
(1 + 3COS29) 1/2 
By inserting equation (1) into equation (4) we obtain 
V·«j·E) =j"sinl. 
(4) 
(5) 
(6) 
Since we have used the steady state assumption, which leads to 
V x E = 0, equation (6) can be rewritten in terms of the 
potential <%> as, 
V·( (j·V<%» = -jusinI, (7) 
When the field-aligned current associated with a plasma 
convection pattern flows into the ionosphere, it must connect 
to the ionospheric Hall and/or Pedersen currents. For different 
convection patterns and various ionospheric conductivity 
distributions the closure feature can be significantly different 
To analyze the closure characteristics of the field-aligned and 
horizontal currents associated with a distorted two-cell 
convection pattern for various conductivity conditions, one 
needs to decompose equation (6). In a polar coordinate 
system, equation (6) can be rewritten as 
_._1_ V .( (1. E) = jltH + jllPl + jlln = jn (8) 
smI 
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(11) 
In equations (9), (10), and (11), r is the radial distance from the 
pole and E (J and E ~ are the latitudinal and longitudinal 
components of the ionospheric electric field, respectively. An 
inspection of these equations shows that hI! comes from the 
contribution of the Hall current, and inPl and inn come from the 
contribution of the Pedersen current. The major difference 
between the terms jllPl and inP2 is that the former is mainly 
determined by the gradient of the Pedersen conductance and the 
latter is mainly determined by the divergence of the electric 
field. We can see from equations (8) to (11) that when the 
ionospheric conductance is uniform, the field-aligned current 
will be solely closed to the Pedersen current even if the 
inclination of the geomagnetic field lines is included. In the 
following sections it will be seen that equations (8) to (11) are 
useful for studying the detailed features of the field-aligned 
current associated with the distorted two-cell convection 
pattern. 
2.2. Electric Potential and Conductivity 
The major object of this study is the field-aligned current 
associated with the distorted two-cell convection patterns for 
northward IMF conditions obtained from the DE 2 satellite data 
by Heppner and Maynard [1987]. The Heppner-Maynard 
convection model is an empirical model which uses the IMP 
condition as a criterion to group the data set and the model is 
based on a minimum number of characteristic patterns that 
represent typical electric field distributions. There are four 
convection patterns in the Heppner-Maynard model for 
northward IMF conditions, which are for By < 0 with a weakly 
or strongly northward B z, and By> 0 with a weakly or 
strongly northward B z. In the following we only treat the case 
of s.trongly northward B z with By < 0 and By> O. The 
pubhshed convection patterns in the Heppner and Maynard 
[1987] paper are a set of hand-drawn plots of the electrostatic 
POtential which cannot be directly used in our modeling. 
Therefore we reproduced the Heppner-Maynard convection 
patterns for strongly northward IMF by using the functional 
representation of the model developed by Rich and Maynard 
~9.8?]: This functional representation was obtained by 
glhZtng the Heppner-Maynard convection models and fitting 
a POlynomial function to the digitized patterns. 
The height-integrated Hall and Pedersen conductivities in 
oUr modeling are obtained from the ionospheric conductivity 
~odel developed by Rasmussen and Schunk [1987] and 
flSmussen et al. [1988]. This model calculates ion densities 
in the E and lower F regions by numerically solving the 
chemical reaction equations for ~, ch, 0 +, and NO+. The ion 
densities are then used to calculate the Hall and Pedersen 
conductivities. Sources of ion production included in the 
conductivity model are solar EUV radiation, auroral 
precipitation, starlight, and resonantly scattered radiation. 
The conductivity model requires several inputs of which the 
day, date, universal time, FlO.7-cm flux, and the Ap index are 
needed to calculate the thermospheric densities [Hedin , 1983]. 
Also required for auroral production rates are the energy flux 
and characteristic energy of the precipitation. These auroral 
inputs are obtained from the empirical model of Spiro et al. 
[1982]. 
When the magnetospheric convection maps to the 
ionosphere, the associated current system can be significantly 
different for various ionospheric conductivity conditions. The 
major physical factors influencing the ionospheric 
conductivity are auroral precipitation, solar activity, and 
seasonal variations. In this work we focus on the variation of 
the current system caused by conductivity changes related to 
the above three factors. In the adopted conductivity model the 
auroral activity is binned according to the AE index, the solar 
activity is binned according to the FI0.7-cm flux, and the 
seasonal effect is binned according to the input date. The 
parameters used in the conductivity model for various extreme 
conditions are as follows: AE = 1000 is adopted for an active 
aurora and AE = 80 for a quiet aurora; FlO.7 = 250 is for solar 
maximum and FlO.7 = 70 is for solar minimum; and December 
22 is set for winter and June 23 is for summer. 
3. MODEUNG REsULTS 
The ionosphere in our simulation is modeled by 
computational grids on a polar coordinate system in which the 
radial dimension measures the latitude from 50· to 90· and the 
azimuthal dimension measures the longitude. The grid size is 
1· in latitude and 7.5· in longitude. When the electric 
potential and conductivity are given, we can obtain solutions 
for the distributions of the field-aligned current and the 
ionospheric Hall and Pedersen currents by solving equations 
(1), (8), (9), (10), and (11). By using these solutions we can 
also study the closure of the field-aligned current with the Hall 
and Pedersen currents. To concentrate on the features 
associated with high-latitude convection, we eliminate the 
corotational electric field by simply setting it to zero. The 
border which separates the high-latitude electric field and the 
corotational electric field is assumed to be around 59·. 
3.1. Basic Features of the Current System 
Figure 1 shows the Heppner-Maynard convection models for 
strongly northward IMP conditions. Plots in the left column 
of Figure 1 show the convection pattern and electric field for 
the cases of By < 0 and plots in the right column are for the 
case of By> O. Note that in both cases, strong electric fields 
and convection shears exist in the polar cap, which are 
different from what is obtained during southward IMP 
conditions. For By < 0 a strong shearing flow exists around 
75· in the noon sector, while for By > 0, a strong shearing 
flow exists around 73 0 in the morning sector. 
Figures 2 and 3 show the cases in which the ionospheric 
conductivity is appropriate for winter time, quiet aurora, and 
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Fig. 1. Electric potential and electric field distributions from the Heppner and Maynard [1987] convection model for 
strongly northward IMF with a negative By (left column) and with a positive By (right column), 
solar maximum conditions. Figure 2 shows the case of By < 0 
with a strong northward B z. The top left panel of Figure 2a 
shows the integrated Hall conductivity in which the ionization 
effects of EUV radiation, auroral precipitation, starlight, and 
resonantly scattered radiation have been included. The top 
right panel of Figure 2a shows the field-aligned current 
distribution associated with the distorted two-cell convection 
pattern for By < O. The dashed lines are for upward field-
aligned currents, and the solid lines are for downward field-
aligned currents. The region 1 and 2 current systems can be 
seen in the plot. The most important thing to note is the 
existence of the NBZ current in the polar cap. The maximum 
intensity of the upward NBZ current is about 0.37 J.1A/m2 and 
the maximum intensity of the downward NBZ current is abo~t 
0.44 J.LNm2. The clear appearance of the NBZ current in tJus 
result suggests that the NBZ current can be associated with; 
distorted two-cell convection pattern for northward 
conditions. , 
The bottom left panel of Figure 2a shows the ionosphen~ 
horizontal current. Instead of the strong westward and eas~ar 
electrojets in the evening-midnight sector, which are typIcal 
for a southward IMP condition, the strong shear between an 
eastward and a westward current can be seen in the noon ~ectori 
The bottom right panel of Figure 2a shows the distributIon 0 
hH' which reflects the contribution of the divergence of ~e 
'b UOP Hall current. The left panel of Figure 2b shows the distn U 
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Fig. 20. (top left panel) Input ionospheric Hall conductance for winter, quiet aurora, and solar maximum, (top right panel) 
total field-aligned current, (bottom left panel) ionospheric horizontal current, and (bottom right panel) the field-aligned 
current connecting to the Hall current. In the plots of field-aligned current the dashed lines denote the upward field-aligned 
currents and the solid lines denote the downward field-aligned currents. The IMF for this case has a strongly northward B z 
and a negative By. 
of the Joule heating rate, in which a strong heating can be seen 
on the dayside. The right panel of Figure 2b shows the 
distribution of the sum of juPl and juP2' which reflects the 
contribution of the divergence of the Pedersen current. As can 
be seen, the contribution of the Hall current to the field-
aligned current is very small compared to that of the Pedersen 
c~ent, especially on the dayside. This suggests that the field-
alIgned current during northward IMP is mainly closed by the 
Pedersen current. Later, we will show that this is true in most 
of the situations, except in the strong auroral precipitation 
regions. 
Figure 3 shows the case of By > 0 with a strongly northward 
Bz. The top left panel of Figure 3a shows the Hall conductance 
distribution. The top right panel of Figure 2a shows the 
distribution of the field-aligned current from which a complete 
pattern of the region 1, region 2, and NBZ currents, with a 
relatively weak downward NBZ current, can be clearly seen. 
The bottom left panel of Figure 3a shows the ionospheric 
horizontal current. It differs from the case of By < 0, in that a 
strong shearing of an eastward and a westward current appears 
in the morning sector when By> 0 instead of in the noon 
sector. The bottom right panel of Figure 3a shows the 
19 ,402 ZHU ET AL.: FlBLD-AUGNED CURRENT DURING NORTHWARD IMF 
12 
· 
· 
· 
· 
· 
· _.·--· ......... T-------., 
#' • -, 
" . ... ... 
#,,- : 6Q 
# .. 
# .. , .. 
, .. 
, .. 
, . 
, . 
, . 
, . 
, . 
, . 
· , . 
18 -----+-----~--- I - -----: .. -----
· ,.. . 
· , " ... : ~ " \~: I' • ~ .... ..... ..!.-.... : " ; 
'\ \., : ' / 
" '.......: " 
............ :::: . .:r::: ...... / . ...-
MIN 0.00 
MAX 2.75 
· 
· 
· 
· 
· 00 
CONTOUR INTBRVALO.<W BRG/Cy2 SBC 
MIN -0.37 
MAX 0.39 
12 
CONTOUR INTBRVALO.M p.A/m2 
Fig. 2b. The continuance of the case shown in Figure 20, which shows (left panel) the distribution of Joule heating rate, 
and (right panel) the field-aligned current connecting to the Pedersen current. 
distribution of hR' which indicates that the Hall current is 
almost divergence-free. The left panel of Figure 3b shows the 
distribution of the Joule heating rate. Note that as By becomes 
positive, the strongest heating region shifts from the noon 
sector to the morning sector. Finally, the right panel of 
Figure 3b shows the contribution of the Pedersen current to the 
field-aligned current. This pattern is very similar to the 
pattern of the total field-aligned current. 
A few important points should be noted here. By using the 
same convection patterns for a strong positive B z and a 
conductivity distribution for equinox and solar minimum, Rich 
and Maynard [1989] found that for By < 0, the field-aligned 
current system did not contain either an NBZ current or the 
region 2 current on the eveningside, while for By > 0, only a 
set of dayside region 1 currents were found. Obviously, their 
results are considerably different from our results shown in 
Figures 2 and 3. On the basis of their results, Rich and 
Maynard [1989] concluded that the existence of a strong NBZ 
current system might require a different convection pattern 
from that represented by the Heppner-Maynard model and that 
the NBZ current system does not represent the high-latitude 
configuration during many periods of northward IMP. To 
resolve this issue, we checked the detailed features of how the 
field-aligned current systems shown in Figures 2 and 3 close to 
the horizontal currents in terms of equations (8) to (11) and 
found that juPl can substantially contribute to both the region 
2 and the NBZ currents missing in Rich and Maynard's [1989] 
results. This indicates that the calculated field-aligned current 
is very sensitive to the matching or mismatching between the 
conductivity gradient and the electric field. Even if the same 
convection pattern is used, different ionospheric conditions 
can lead to field-aligned current systems with substantially 
different features. Therefore on the basis of our results, we 
believe that the NBZ current system can be associated with the 
distorted two-cell convection pattern presented by Heppner 
and Maynard [1987] and is a prominent current system for 
northward IMP conditions. 
Such a conclusion is consistent with the modeling results 
presented by Rasmussen and Schunk [1988]. Starting from the 
field-aligned current distribution deduced from Magsat satellite 
data [Iijima and Shibaji, 1987] which had the NBZ current 
feature, and the USU conductivity model [Rasmussen and 
Schunk, 1988], they calculated possible convection patterns 
for specific ionospheric conditions. They found that the 
convection pattern can be very similar to the distorted two-cell 
pattern presented by Heppner and Maynard [1987], depending 
on how the missing field-aligned currents were closed on the 
dayside. We find that the sense of the connection between the 
region 1 upward field-aligned current and the NBZ current 
assumed in their modeling is consistent with that shown in 
Figure 2. Our results indicate that such a field-aligned current 
crossing the noon meridian plays an important role in 
determining the basic feature of the ionospheric convection. 
In summary, the field-aligned current distributions shown in 
Figures 2 and 3 are consistent with the field-aligned current 
system obtained from the Magsat satellite [lijima and Shibaji, 
1987]. On the basis of such a consistency and also 
considering that the Magsat data missed the dayside region 
below 80·, which plays an important role in determining the 
basic feature of convection, we suggest that the current system 
presented by lijima and Shibaji [1987] which is normally used 
by people as evidence of four-cell convection, might imply a 
distorted two-cell convection pattern. This suggestion is 
consistent with Rasmussen and Schunk's [1988] results. 
except utilizing a different approach. 
From our modeling results we also found that the regions of 
the upward NBZ current associated with a distorted two-cell 
convection pattern are well overlapped by the regions where 
V· E < O. It has been pointed out by Lyons [1980] that the 
existence of a potential drop structure along magnetic field 
lines requires V· E < O. The coincidence of the regions where 
V· E < 0 and the upward NBZ current locations suggests th~t 
the intensive upward NBZ current during northward IMP IS 
related to the existence of the potential drop along the 
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Fig. 30. (top left panel) Input ionospheric Hall conductance for the same geophysical conditions as for Figure 20, (top 
right panel) total field-aligned current (bottom left panel) ionospheric horizontal current, and (bottom right panel) the 
field-aligned current connecting to the Hall current. The IMF for this case has a strongly northward B z and a positive By. 
geomagnetic field lines. Furthermore, because the intensive 
UPWard field-aligned current and the negative space charge, 
V· E < 0, are associated with the occurrence of auroras in the 
polar cap [Lyons , 1980; Burke et aI., 1982; Chiu and Gorney, 
~983]. our results also suggest that the regions of the 
Intensive upward NBZ current associated with a distorted two-
cell convection pattern in our modeling are the regions where 
the POlar cap auroras occur. 
On the basis of the above results and also considering the tran . . Sltion between the two cases shown in Figures 2 and 3 we 
Suggest the following. The distorted two-cell ionospheric 
convection pattern is a dominant pattern for most of the 
northWard IMP conditions. The NBZ current system is a 
prominent current system during northward IMF and is 
associated with the distorted two-cell convection for most of 
the ionospheric conditions. A four-cell convection pattern is 
most likely to occur when the direction of the IMF is due north 
or very close to the north. The last suggestion is supported by 
the observational results of Clauer and Friis-Christensen 
[1988] and the theoretical predictions of Zhu and Kan [1990] . 
In the following subsections we discuss a systematic study 
we conducted of the influences of the seasonal variation, the 
auroral activity. and the solar variation on the field-aligned 
current associated with the distorted two-cell convection 
pattern. To avoid being lengthy. we only show the cases for 
By < 0 with various ionospheric conductivity conditions. We 
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Fig. 3b. The continuance of the case shown in Figure 3a, which shows (left panel) the distribution of Joule heating rate, 
and (right panel) the field-aligned current connecting to the Pedersen currenl 
use the case shown in Figure 2 as a base and change one 
parameter at a time to see the various effects. 
3.2. Seasonal Variation 
The condition for the ionospheric conductance shown in 
Figure 2 is winter time, quiet aurora and solar maximum. To 
see the seasonal effect, we use a conductivity distribution for 
the summer time with the same auroral and solar conditions as 
that for Figure 2. The resulting conductance distribution is 
shown in the top left panel of Figure 4. A comparison of 
Figures 2 and 4 indicates that there is a significant difference 
related to the seasonal variation. In the summer time the 
conductance on the nightside and in the polar cap is greatly 
enhanced by the EUV radiation. Such a conductivity 
enhancement can greatly char.ge the conductivity gradient in 
those regions. As previousiy mentioned, the field-aligned 
current is sensitive to the matching or mismatching between 
the conductivity gradient and the convection electric field; 
therefore a significant change in the field-aligned current 
distribution can be expected in going from winter to summer 
conditions. 
The resulting field-aligned current distribution for the 
summer time is shown in the top right panel of Figure 4. The 
bottom left panel and the bottom right panel of Figure 4 show 
the distributions of the horizontal current and inH, 
respectively. From the comparison of Figures 2 and 4 it can be 
seen that during the summer time the field-aligned current in 
the dayside polar cap is greatly enhanced and also the whole 
field-aligned current system expands to higher latitudes. The 
maximum intensity of the NBZ current during the summer time 
is almost 2 times greater than that during the winter time. 
Also, the horizontal current and louIe heating are greatly 
enhanced during the summer time, mainly in the polar cap and 
the days ide regions. An interesting feature found in our results 
is that the increase of the field-aligned current intensity in the 
polar cap during the summer time is exclusively due to the 
increasing contribution from inP2, which is mainly related to 
the term Lp V . E. In contrast, the divergence of the Hall 
current becomes even smaller, although the Hall conductance 
is larger during the summer time. In other words, such a result 
indicates that during the summer time, more field-aligned 
currents close to the Pedersen current instead of closing to the 
Hall current, especially in the polar cap. The following simple 
explanation can be given for such a result During the summer 
time the EUY radiation can greatly enhance the conductivity in 
the polar cap, but it can also smooth the conductivity gradient 
Since the divergence of the Hall current critically depends on 
the conductivity gradient, a smaller conductivity gradient can 
lead to less field-aligned currents being closed to the Hall 
current. On the other hand, for the same convection pattern a 
more conducting ionosphere in the summer time requires more 
field-aligned current to flow between the magnetosphere and 
ionosphere. Consequently, the only way for this to occur is 
that more field-aligned currents close to the Pedersen current in 
the summer time. 
3.3. Auroral Activity 
Figure 5 shows the case where the ionospheric conductivity 
is governed by winter time, active aurora, and solar maximum 
conditions. This case should be considered as an extreme 
conductivity enhancement that is used in order to determine ~e 
maximum effect on the field-aligned current. Typically, acave 
auroral conditions are not likely to occur during a strong 
northward IMP. The top left panel of Figure 5 shows the Hall 
conductance distribution in which the enhanced conductance 
around the oval is due to auroral precipitation. The top right 
panel shows the field-aligned current, and the bottom panels 
show the horizontal current and the distribution of inH' From 
the comparison of Figures 2 and 5 we see that the variation of 
aurora-related conductivity can also significantly influence the 
field-aligned current associated with the distorted two-cell 
convection pattern. During strong aurora~ nctivity the field~ 
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Fig. 4. (top left panel) Input ionospheric Hall conductance for summer, quiet aurora, and solar maximum, (top right panel) 
total field-aligned current (bottom left panel) ionospheric horizontal current, and (bottom right panel) the field-aligned 
current connecting to the Hall current. The IMF for this case has a strongly northward B z and a negative By. A comparison 
of this case and Figure 2 shows the seasonal effects on the field-aligned current. 
aligned current in the oval and on tne nightside is much 
stronger than that during quiet aurcra periods. We also found 
th~t the eastward and westward electrojets in the evening-
nlldnight sector are substantially increased and that there is 
strong joule heating in the oval during the time of active 
aUrora. 
. From the plot of hH in Figure 5 a careful reader can find that 
~ the oval, especially in the upward region 1 current area in 
~ even.ing-midnight sector, the Hall current is no longer 
th Ost dIvergence-free. It is found that the large increase of 
see field-aligned current in the oval and the evening-midnight 
Clor during the time of active auroral conditions is mainly 
due to the increasing contribution from the Hall current. In 
other words, during the active aurora period the intensive 
aurora-related field-aligned current mainly closes to the Hall 
current instead of the Pedersen current. An explanation for 
such a feature is as follows. The conductivity enhancement 
caused by auroral precipitation is on a relatively small scale 
and is locally concentrated. Therefore in addition to the 
increase of the conductivity itself the conductance gradient can 
also greatly increase. Since the divergence of the Hall current 
critically depends on the conductance gradient, a larger 
gradient can lead to more field-aligned currents being closed to 
the Hall current. 
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In conclusion. the increase of the field-aligned current in the 
polar cap in the summer time is mainly due to the increasing 
contribution from the Pedersen current, while the increase of 
the field-aligned current in the oval and in the evening-
midnight sector during the active aurora periods is mainly due 
to the increasing contribution from the Hall current. 
3.4. Solar Varialion 
We also ran a few cases to study the effects of the solar 
variation on the field-aligned current during northward IMF, 
but the plots are not shown in this paper. It was found that the 
solar variation has its impact mainly on the intensity of the 
field-aligned current, not the pattern, that is associated with a 
distorted two-cell convection pattern. A larger FIO.7 during 
solar maximum leads to a stronger field-aligned current 
system. In the summer time the intensity change of field-
aligned current due to the solar variation can be up to 30-40%, 
but in the winter the corresponding change is less than 5%. It 
was also found that during solar maximum, less field-aligned 
current closes to the Hall current. This is because a larger 
FIO.7 tends to smooth the local gradient of conductivity. 
thereby reducing the contribution of the Hall current to the 
field-aligned current. 
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4. SUMMARY AND CONCLUSION 
By using the Heppner-Maynard convection model [Heppner 
and Maynard, 1987; Rich and Maynard, 1989] and the Utah 
State University conductivity model [Rasmussen and Schunk, 
1987; Rasmussen ei d., 1988] a systematic study has been 
conducted of the inflllence of the ionospheric conductance on 
the field-aligned current associated with the distorted two-cell 
convection pattern for northward IMF. This is the first time 
that a complete set of global field-aligned current systems 
covering the dayside region below 80· has been presented for 
various ionospheric conductivity conditions and northward 
IMP. Our results show that the variation of the ionospheric 
conductivity distribution can significantly affect the features 
of the field-aligned current for northward IMP, where the 
matching or mismatching between the conductance gradient 
and the convection electric field plays a key role. 
The NBZ current is a prominent feature during northward 
IMP. Whether or not the NBZ current is associated with the 
distorted two-cell convection pattern is an essential question 
in the controversial four-cell versus two-cell issue. Our 
modeling results indicate that the NBZ current system can be 
associated with the distorted two-cell pattern during northward 
IMP. Furthermore, on the basis of the consistency between 
our calculated field-aligned current systems and those deduced 
from the Magsat satellite data [Iijima and Shibaji, 1987], and 
also considering that the Magsat data missed the dayside 
region below 80', we suggest that the current system presented 
by Iijima and Shibaji [1987] for northward IMP, which is 
normally used by people as evidence of four-cell convection, 
might imply a distorted two-cell convection pattern. Our 
results have shown that the field-aligned current crossing the 
noon meridian, which is a confused region for a four-cell 
convection pattern, plays an important role in determining the 
basic feature of the ionospheric convection pattern. The 
importance of the current in this region has also been pointed 
out by Rasmussen and Schunk [1988]. We also propose that a 
four-cell convection is most likely to occur when the direction 
of the IMP is due north or very close to the north. Similar 
proposals have been presented by Clauer and Friis-Christensen 
[1988] based on observational results and by Zhu and Kan 
[1990] based on a theoretical study. 
The conductivity variation related to seasonal changes and 
auroral activity can significantly affect the field-aligned 
current system associated with a distorted two-cell convection 
pattern. We found that during the summer time the field-
aligned current in the dayside polar cap is greatly enhanced and 
the whole field-aligned current system expands to higher 
latitudes. The maximum intensity of the NBZ current during 
the summer time can almost be 2 times greater than that during 
the winter time. The horizontal current and Joule heating are 
also greatly enhanced during the summer time, mainly in the 
polar cap and on the dayside. During active aurora periods the 
field-aligned current in the oval and on the nightside is much 
stronger than that during quiet aurora periods, and the eastward 
and westward electrojets in the evening-midnight sector are 
substantially increased. 
To get a better understanding of the current closure 
characteristics associated with a distorted two-cell convection 
pattern, we also looked into the details of how the field-
aligned current closes to the Hall and Pedersen currents. We 
found that the field-aligned current associated with a distorted 
two-cell convection pattern closes mainly to the Pedersen 
current and the Hall current is almost divergence-free. This is 
true for most of the ionospheric conditions we considered, 
except in the strong auroral precipitation regions. The results 
show that the increase of the field-aligned current in the polar 
cap during the summer time is mainly due to the increasing 
contribution from the Pedersen current, and the increase of the 
field-aligned current in the oval region and in the evening-
midnight sector during the active aurora periods is mainly due 
to the increasing contribution from the Hall current. The 
divergence of the Hall current is smaller in summer, even 
though the Hall conductance is larger. 
From the modeling results we found that the upward NBZ 
current associated with a distorted two-cell convection pattern 
locates in the regions where V· E < O. This suggests that the 
intensive upward NBZ current during northward IMF can be 
related to the existence of the potential drop structure along 
the geomagnetic field lines and the polar cap auroras are 
associated with these intensive upward NBZ currents. We also 
found that the solar cycle variation of the conductivity has its 
impact mainly on the intensity of the field-aligned current but 
not the pattern. A larger F10.7 during solar maximum leads to 
a stronger field-aligned current system. The variation of the 
current intensity due to the solar cycle variation can be up to 
30-40% during the summer time and is less than 5% during the 
winter time. 
The four-cell versus distorted two-cell convection patterns 
during northward IMP is still a controversial issue. On the 
basis of our modeling results we propose the following: The 
distorted two-cell ionospheric convection pattern is the 
dominant pattern for most of the northward IMP conditions. 
The NBZ current system is a prominent current system during 
northward IMP and can be associated with the distorted two-
cell convection pattern for most of the ionospheric 
conditions. A four-cell convection pattern is most likely to 
occur when the direction of the IMP is due north or very close 
to the north. A theta aurora might be associated with a four-
cell convection, although this case was not considered in this 
study. 
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